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ABSTRACT
Direction of arrival (DoA) estimation or direction finding (DF) requires mul-
tiple sensors to determine the direction from which an incoming signal orig-
inates. These antennas are often loops or dipoles oriented in a manner such
as to obtain as much information about the incoming signal as possible. For
direction finding at frequencies with larger wavelengths, the size of the array
can become quite large. In order to reduce the size of the array, electri-
cally small elements may be used. Furthermore, a reduction in the number
of necessary elements can help to accomplish the goal of miniaturization.
The proposed antenna uses both of these methods, a reduction in size and a
reduction in the necessary number of elements.
A multi-port loop antenna is capable of operating in two distinct, orthogo-
nal modes – a loop mode and a dipole mode. The mode in which the antenna
operates depends on the phase of the signal at each port. Because each el-
ement effectively serves as two distinct sensors, the number of elements in
an DoA array is reduced by a factor of two. This thesis demonstrates that
an array of these antennas accomplishes azimuthal DoA estimation with 18
degree maximum error and an average error of 4.3 degrees.
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CHAPTER 1
INTRODUCTION
DoA estimation systems use amplitude and/or phase information from an
antenna or from an array of antennas to determine the direction from which
a radio signal originates. This information is vital for battlefield operations
in which an enemy may be using a radio communication device. The direc-
tion from which the signal of that device originates, with respect to one’s
location, is the direction in which the enemy is located. Other uses for DoA
include locating the source of a radar signal. Radar beams are very narrow
and if a target is being tracked, that target can locate the radar by using a
DoA system. Many DoA arrays have a maximum dimension that is several
wavelengths. This ensures that the phase of the incoming signal is differ-
ent on each element when the wave impinges on the array. For applications
that require portable systems, smaller DoA systems need to be implemented.
However, these smaller systems present issues with accuracy, sensitivity, and
resolution [1]. Direction finding (DF) algorithms such as Multiple Signal
Classification (MuSiC) and Estimation of Signal Parameters via Rotation
Invariance Techniques (ESPRIT) are implemented in these systems to facili-
tate the estimation [2, 3]. DF systems are capable of detecting and evaluating
multiple signals at one time, sometimes in different bands and with different
polarizations. They are generally composed of vector sensors and can either
be distributed or collocated. Figure 1.1 shows an ideal vector sensor com-
posed of three collocated loops and three collocated dipoles and Figure 1.2
shows a distributed vector sensor composed of three distributed loops and
three distributed dipoles.
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Figure 1.1: Ideal collocated six-element vector sensor [4] – three loops and
three dipoles
Figure 1.2: Distributed six-element vector sensor – three loops and three
dipoles [5]
1.1 History of Direction Finding
The art and science of DoA estimation or DF is nearly as old as the art and
science of antennas (DoA and DF will be used interchangeably throughout
this document). The first DF system was invented by John Stone in 1902
and employs the use of a loop antenna that is rotated until either a null
or a maximum in the radiation pattern is found [6]. This method has an
inherent front-to-back ambiguity that can be alleviated by using two loops,
separated by a distance of a few meters. The DoA is then the vector that
bisects the angle formed by the two measurements. Because this method
was implemented on ships in the early 20th century, it could be guaranteed
that the signal was coming from land, and any ambiguity pointing toward
the open water could be disregarded. Figure 1.3 shows the antenna element
of Stone’s system. Figure 1.4 shows another example of an early DF system
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called the Adcock rray which employs four vertical antennas to accomplish
DoA estimation [7]. Other direction finding systems are well documented by
[8, 9, 10].
Figure 1.3: John Stone’s DF antenna system [6]
Figure 1.4: Adcock array for DoA estimation [7]
1.2 Electrically Small DF Arrays
When the wavelength of the signal of interest is large, as in the case of HF
and VHF signals, the size of the array can become large. This is especially
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true for DF systems that use phase information for determining the direc-
tion of arrival. However, for the consideration and practicality of portable
DF systems, it is necessary for the array to have a manageable, preferably
portable, size. This can be accomplished by using an array of electrically
small elements.
Electrically small elements that are placed very close to one another are not
very sensitive to the difference in phase of the signal of interest. Therefore,
amplitude measurements are used to determine the estimated DoA. Figure
1.5 shows an electrically small array that accomplishes DoA estimation in
the azimuthal plane [1] with a maximum ambiguity of 7o at 420 MHz. The
dipole in the array serves as a phase reference for the center of the antenna.
The dual of the DF array in Figure 1.5 is shown in Figure 1.6. This DF array
is planar and uses two orthogonal dipoles and a reference loop to accomplish
DF in the azimuthal plane.
Figure 1.5: Electrically small DF array for azimuthal DoA estimation [1]
The DF array in Figure 1.5 uses baluns to reduce common mode currents
on the outer jacket of coaxial cables which connect the array to the measure-
ment system. In place of baluns, the DF array in Figure 1.6 uses differential
amplifiers to reduce the common mode currents [4]. Both arrays implement
loops and dipoles. In order to further reduce the size of the array, multi-port
antennas capable of operating in multiple modes can be used to serve as both
4
Figure 1.6: Electrically small, planar DF array for azimuthal DoA
estimation [4]
a loop and a dipole. Such an antenna would have two ports, for producing
two modes - a loop mode and a dipole mode.
1.3 Loop Antenna as a Dipole
A multi-port loop antenna is presented in this thesis. The idea of using
a multi-port loop antenna was introduced by R. W. P. King in 1959 [11].
The antenna as implemented in a DF system is operated in receive mode
only; however, for the sake of discussion, the antenna performance will be
described as if it were implemented in transmit mode. When the sources of
the loop antenna are in phase, a dipole mode is excited. The dipole mode is
produced by summing the data at each port prior to taking the fast Fourier
transform. This preserves the phase information relative to the opposite port.
The arrows in Figure 1.7 illustrate the in-phase excitation. Just as a classical
dipole would have a positive arm and a negative arm, the two-port loop has
a positive side and a negative side. The upper portion of the antenna shown
in Figure 1.7 is the positive side and the lower portion is the negative side.
When the sources are out of phase by 180 degrees, a loop mode is excited.
The loop mode is produced by the subtraction of the data at each port in
the same manner as the dipole mode. The arrows in Figure 1.8 illustrate
the out of phase excitation. The performance is analogous to a classical loop
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antenna because the currents will now circulate around the structure as is
the case with a loop antenna. These two modes offer orthogonal radiation
patterns.
Figure 1.7: Dipole mode excitation (graphic from HFSS R©)
Figure 1.8: Loop mode excitation (graphic from HFSS R©)
6
1.4 Radiation Pattern Requirements
Full sphere DoA estimation using only amplitude information requires six
distinct radiation patterns. Six distinct patterns are required because the
electromagnetic signal of interest has six components– an electric and mag-
netic field component for each component of a coordinate system ( ~E, ~H, for
r, θ, and φ) [5]. By placing three of the proposed antennas in an array such
that the radiation patterns of each element are orthogonal to one another,
six distinct patterns can be achieved.
The electrically small DF arrays in Figures 1.5 and 1.6 are three element
arrays and only accomplish azimuthal DoA estimation. The maximum di-
mension of an electrically small antenna is normally on the order of 1/12th
of a wavelength (λ/12). However, with the two-port loop antenna, three el-
ements can provide six distinct radiation patterns and can therefore accom-
plish DoA estimation in both the azimuthal plane and the elevation plane.
This change not only keeps the size of the antennas electrically small, but it
also increases the functionality of a three element array while reducing the
required number of classical elements by a factor of two.
1.4.1 Radiation Patterns
The antenna was designed and simulated using Ansoft HFSS R© [12]. Simu-
lations confirmed the functionality described by King. The antenna is 5 cm
microstrip loop centered around the origin. The ports of the antenna are
on the y-axis and are equal distance to the origin. The radiation patterns
produced by each mode of the antenna are shown in Figure 1.9. The simu-
lated radiation patterns produced by the two modes are orthogonal, further
verifying the supporting theory.
1.5 Overview
Chapter 2 describes the antenna design and construction and includes dis-
cussions on electrically small antennas and common mode currents. Chapter
3 details a parametric analysis of the antenna and an array of the antennas
and their performance in proximity of a ground plane. Chapter 4 describes
7
Figure 1.9: Element radiation patterns (graphic from HFSS R©)
the measurement setup and processes and discusses the challenges associated
with measuring electrically small elements as well as measurements in fre-
quency bands lower than the rating of the anechoic chamber. Finally, chapter
5 summarizes the thesis and introduces the future work for the project.
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CHAPTER 2
ANTENNA DESIGN AND
CONSTRUCTION
This chapter presents the design and construction of the two-port loop an-
tenna and discusses issues that arise with measurements of electrically small
antennas. This thesis is based on measurements of electrically small an-
tennas, so it is important to understand the effect of antenna size on the
measurement for accurate DoA estimation.
2.1 Design
The antenna was designed and simulated using HFSS R©. Once the simula-
tions were verified, the antenna was constructed. The antenna is electrically
small at the design frequency; therefore, common mode currents will be in-
duced on the coaxial cables used to measure the antenna. In order to reduce
these common mode currents, a device must be placed between the element
and the coaxial cable to reject the common mode. Two devices capable of
rejecting the common mode currents are discussed – baluns and differen-
tial amplifiers. The frequency of operation is 650 MHz. At this frequency
the antenna is electrically small. Figure 2.1 illustrates the parameters for
determining if an antenna is electrically small or not.
2.2 Electrically Small Antennas
An antenna is considered electrically small if the value of “ka” in Equation
2.1 is
ka ≤ 0.5 (2.1)
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Figure 2.1: Diagram of the “ka” value for an arbitrary antenna
where k is the wave number and is calculated by Equation 2.2,
k =
2pi
λ
(2.2)
λ is the wavelength and “a” is the smallest radius of a sphere that can wholly
contain the antenna. The wavelength can be calculated by the general free-
space approximation given in Equation 2.3. At 650 MHz,
λ = c/f =
3× 108m/s
650× 106Hz = 0.4615m (2.3)
Using the value from Equation 2.3 for the wavelength in Equation 2.2, the
“ka” value is easily calculated by Equation 2.4:
ka = 2pi/λ×
√
(0.05m)2 + (0.05m)2 = 0.4813 (2.4)
Therefore, this antenna is electrically small.
Various issues arise with the measurement of electrically small antennas.
Due to the high reactance at the port of the antenna, common mode currents
cause the outer jacket of the coaxial cable to radiate. The following sections
discuss common mode currents and how they can be mitigated.
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2.2.1 Common Mode Rejection
When a balanced structure, such as a balanced antenna, e.g., a dipole, is
connected to an unbalanced structure such as coaxial cable, the uniform
current density of the dipole is transferred to the coaxial cable and is no
longer uniformly distributed. This is due to the dimension and structure of
the coaxial cable shown in Figure 2.2. Because the outer conductor of the
coaxial cable is not congruent with the inner conductor, the current density
on each conductor is different [13]. This difference, along with reflections due
to an impedance mismatch, caused by the high reactance of electrically small
antennas, causes reflections at the interface between the antenna and the
coaxial cable. These reflections translate into radiation from the outer jacket
of the coaxial cable. The coaxial cable is generally much larger in electrical
size than the antenna and a measurement of the combined structures will
result in the radiation pattern of the cable rather than that of the antenna.
This is because the outer conductor (outer jacket) of the coaxial cable is a
better radiator and will swamp the radiation pattern of the antenna. There
are a few ways to mitigate this effect, two of which are baluns and differential
amplifiers.
Figure 2.2: Cross section of a coaxial cable
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2.2.2 Baluns
A balun is connector that links an unbalanced transmission line (coaxial
cable) to a balanced structure such as a loop or dipole antenna. The word
balun was created literally by placing the first part of each word, balanced
and unbalanced, together to form a new word – Bal-un [13].
Baluns work on the principle of transmission line theory. When the load
on the end of a transmission line is presented with a short at a quarter wave-
length distance from the load, the impedance at the load becomes infinite.
This can be verified by plotting the impedance of a short circuit on a Smith
chart and rotating a quarter wavelength (half-way around) toward the load.
The transformed load is now an open, or infinite impedance. Figure 2.3
shows how a balun is connected to an antenna. The short is located on the
left side of the figure, creating an infinite impedance to the outer jacket of
the coax connecting to the antenna.
Baluns have some shortcomings that make them less attractive as a method
for reducing common mode currents. For example, the construction and de-
sign of a balun is a very tedious task. There are entire books and chapters
on the subject [14, 15]. Baluns that are commonly used for the measurement
of electrically small antennas are bazooka (sleeve) baluns or folded bazooka
baluns such as the one shown in Figure 2.4. Furthermore, the bandwidth over
which the balun can reject the common mode sufficiently is generally very
narrow. The metric for evaluating the ability of a choke to reject common
mode currents is called the common mode rejection ratio [13]. Baluns pro-
duced at the University of Illinois at Urbana-Champaign have a bandwidth
of about 10-60 MHz, depending on the level of CMRR required. For some
applications, this bandwidth is acceptable; however, a single DF system may
require multiple frequency bands to be detected and baluns simply would
not work. Baluns are also scatterers which, when placed in proximity to a
radiating element, distort the radiation pattern of that element.
2.2.3 Differential Amplifiers
Another method for reducing common mode currents are differential am-
plifiers. This method was implemented on the two-port loop. Additional
circuitry was added to the antenna to accommodate a fully differential am-
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Figure 2.3: Folded bazooka balun
Figure 2.4: Bazooka balun
plifier at each port. The reduction in common mode currents is due to the
common mode rejection of the differential amplifier. If this amplifier were not
used, the currents on the outer jacket of the coaxial cable would radiate and
swamp the performance of the antenna. A further measure employed was
the use of ferrites on the coaxial cables and DC bias network. The amplifer
used was the LMH 6552 from National Instruments [16]. This amplifier is
capable of common mode rejection of up to 80 dB at DC. At the frequency of
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interest, the common mode rejection is about 45 dB, as shown in Figure 2.5.
The plot shows that the amplifier rejects common mode currents sufficiently
over a very wide band. The tradeoff, however, is a reduction in the power
that can be received by the antenna. This is due to the limited DC bias
voltage that can be supplied to the amplifier.
Figure 2.5: Common mode rejection ration of LMH 6552 differential
amplifier
2.3 Construction
The antenna was constructed using Rogers Duroid 5880 substrate with 1 oz.
copper (relative permittivity 2.2). Press-n-peel blue transfer paper was used
to transfer ink from an ink jet printer onto the copper substrate. This process
was accomplished with the use of an iron. The ink transfers to the copper
substrate when heat and pressure are applied. The transfer process took 30
minutes. Once the ink is transferred and the design is verified by inspection,
the substrate is immersed in ferric chloride solution. The copper that is
exposed to the solution (not covered by the ink) dissolves away, leaving only
the desired copper.
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2.3.1 Components
Once the raw copper design was completed and the board was cut to size,
the amplifier and associated passive components and connectors were added.
The performance of the two amplifiers should be as close to identical as
possible. For any given signal at the input of both amplifiers, independent
of the antenna, the output should be the same. In order to achieve this
performance, low tolerance resistors were used (± 0.1 %), which allow for
the bias network to be more balanced. For higher tolerance resistors, the
variance in the realized resistance for each individual component can vary
over a range large enough to cause the outputs of the two amplifiers to be
different. With low tolerance resistors, the difference in performance lessens.
Another consideration for the use of low tolerance resistors is based on the
topology of the amplifier. There are feedback loops for both the sum and
difference outputs. The performance of each feedback loop should also be as
close to identical as possible.
The circuit diagram of the amplifier feed network is shown in Figure 2.6.
Table 2.1 shows the values of the passive components. The feedback resistor,
RF , must be between 270 Ω and 390 Ω to ensure gain flatness. RF was
selected to be 342 Ω. SMA connectors were added on each side of the board
(two for each port) for the sum and difference outputs of the amplifier. Vcm
is set to zero by connecting the Vcm pins of the amplifier to ground.
Figure 2.6: Circuit diagram of the bias network for the amplifier
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Table 2.1: Balanced amplifier component parameter values
Vcm V+ V− RG RF RO
0 V 3 V -3 V 50 Ω 342 Ω 50 Ω
2.3.2 DC Bias Circuitry
The amplifiers require a voltage rail of at least ± 3 V to operate. This is
accomplished by using a pack of two 3.6 V lithium batteries. The battery
pack supplies voltage to both amplifiers on the board. Ferrite chokes are
used on the DC lines to reduce any re-radiation that may occur.
2.4 Summary
This chapter provides an overview of the construction and design consider-
ations for the two-port loop antenna. For electrically small antennas, it is
important to minimize cable radiation by implementing a balun or a differ-
ential amplifier to reduce common mode currents. Component selection for
the amplifier ensured optimized and equalized performance. In order to eval-
uate how the antenna will perform, Chapter 3 will discuss how the element
behaves in proximity to a ground plane.
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CHAPTER 3
GROUND PLANE ANALYSIS AND
COUPLING
In order to better understand the performance of the two-port loop antenna,
a parametric ground plane analysis was performed using HFSS R©. A fur-
ther motivation for this analysis stems from the fact that the final array
design will be implemented near a ground plane. This ground plane could be
the roof or body of a vehicle or simply the Earth itself. A half-wavelength
ground plane was placed in proximity to the antenna in simulation, with var-
ious orientations, to determine the effect of its presence. As expected, these
simulations revealed that the orientation of the antenna near a ground plane
has a significant effect on the performance of the antenna. Additionally, an
array of these antennas was simulated in the presence of a ground plane.
3.1 Single Antenna near a Ground Plane
In the parametric ground plane analysis, the performance of a single antenna
element above a ground plane was evaluated. The ground plane was placed
beneath the antenna, centered around the z-axis in the xy-plane, as shown
in Figure 3.1, and was varied in distance from the antenna from 1/50th of
a wavelength (λ/50) to λ/4 beneath the antenna. Further simulations place
the ground plane on the x- or y-axis in the yz- and xz-planes, respectively,
and were varied in distance from the antenna in the same manner.
3.1.1 Ground Plane on z-Axis in xy-Plane
When the ground plane was oriented in the xy-plane and varied along the
z-axis, it acted as a reflector for the dipole mode and slightly distorted the
loop mode as shown in Figure 3.2. As the ground plane is moved further
away from the antenna, its effect on the radiation pattern decreases. The
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Figure 3.1: Antenna above ground plane (graphic from HFSS R©)
plot of the normalized total gain in Figure 3.3 is in the positive z-direction
(θ-pol). This is the direction of highest gain for the dipole mode.
Figure 3.2: Radiation pattern for ground plane below antenna (graphic
from HFSS R©)
The result shown in Figure 3.3 is expected. Because the antenna is electri-
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Figure 3.3: Normalized gain in the positive z-direction (θ-pol) as a function
of ground plane position - dipole mode
cally small, it does not couple well with the ground plane at distance greater
than about λ/20. If the ground plane in the simulation is assumed to be an
infinite ground plane, image theory can be used to verify the performance of
the antenna near a ground plane. According to image theory, a horizontally
polarized electric element above an infinite ground plane will have an equal
and opposite image that cancel at the boundary [17]. This phenomenon is
due to the boundary condition for electric fields on a perfect electrical con-
ductor (PEC). At the PEC interface, the boundary condition for electric
fields is:
n̂× ~E = 0 (3.1)
The equation states that the tangential electric field at a PEC interface is
zero. In general, image theory can be summarized in Figure 3.4
Very close to the ground plane the field and its image are nearly equal
in magnitude and opposite in direction, so the net effect of the two sources
results in low radiation. As the ground plane is moved further from the
antenna, less energy is coupled to the ground plane, and is instead radiated.
Because the elements are electrically small, and consequently poor radiators,
the effect of the presence of the ground plane becomes negligible at relatively
small distances with respect to wavelength (λ/20 to λ/10).
For the loop mode, the maximum gain, in the presence of the ground plane,
is in the θ = 45o direction for all angles, φ. Figure 3.5 shows the normalized
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Figure 3.4: Image theory for PEC
gain as a function of the position of the ground plane.
Figure 3.5: Normalized gain in the θ = 450 direction (θ-pol) - loop mode
The horizontal electric loop can be modeled as a vertical magnetic current
element. Figure 3.4 shows that the image of vertical magnetic sources above
a PEC are equal and opposite in direction. This is because the magnetic
fields are normal to the surface of the PEC. The normal boundary condition
for a magnetic field on a PEC is zero, as shown in Equation 3.2. Therefore
the net effect of the tow sources – the image and the original – results in low
radiation. As the ground plane is moved further away from the element, the
gain increases because less energy is being coupled to the ground plane.
n̂ · ~H = 0 (3.2)
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3.1.2 Ground Plane on y-Axis in xz-Plane
When the ground plane is oriented in the xz-plane, as shown in Figure 3.6,
and varied along the y-axis, it acts as a reflector for both the loop and dipole
modes. The radiation patterns show that when the antenna is oriented such
that a side of the antenna containing a source is parallel to a ground plane,
the shape and direction of the radiation patterns for both modes are the
same. Therefore the two patterns are no longer orthogonal.
Figure 3.6: Antenna next to ground plane – y-axis (graphic from HFSS R©)
Figure 3.7 shows that the radiation pattern for each mode is the same in
the presence of the ground plane in this configuration
The gain is in the positive y-direction, so the ground plane acts as a re-
flector. In this configuration, the antenna is a horizontal electric current
element above a ground plane. Therefore, when the ground plane is close
to the antenna, the net effect of the two sources radiate poorly, as shown in
Figure 3.8. As the ground plane is moved away from the antenna, less energy
is coupled to the ground plane and the effect on the gain of the antenna due
to the presence of the ground plane becomes negligible.
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Figure 3.7: Radiation pattern for the antenna next to ground plane – y-axis
(graphic from HFSS R©)
Figure 3.8: Normalized gain in the positive y-direction (φ-pol) – dipole
mode
In the loop mode, the antenna is a horizontal magnetic current element.
According to image theory, the images will sum near the boundary resulting
in increased radiation. Figure 3.9 shows this result. As the ground plane is
moved away from the antenna, less energy is coupled to the ground plane
and its presence decreases.
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Figure 3.9: Normalized gain in the positive y-direction (φ-pol) – loop mode
3.1.3 Ground Plane on x-Axis in yz-Plane
When the ground plane is oriented in the yz-plane, as shown in Figure 3.10,
and varied along the x-axis, it acts as a director for the loop mode and has
only a minimal effect on the dipole mode. The radiation patterns are shown
in Figure 3.11.
The presence of the ground plane has almost no affect on the dipole mode
for this orientation as shown in Figure 3.12. This is because there is no
radiation along the axis of a dipole, so the fields at the boundary neither
cancel nor sum.
The loop mode, however, is affected by the presence of the ground plane.
The antenna is effectively a horizontal magnetic current element. There-
fore, the images at the PEC boundary combine constructively. Figure 3.13
shows that as the ground plane is moved further from the antenna, this ef-
fect lessens. Therefore, the radiation pattern of the loop mode becomes less
directive as the antenna is moved away from the ground plane.
3.1.4 Conclusion: Single Element
Image theory can be used to explain the behavior of the antenna near a
ground plane. Electric loops can be modeled as magnetic dipoles. Of the
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Figure 3.10: Antenna next to ground plan – x-axis (graphic from HFSS R©)
Figure 3.11: Radiation pattern for the antenna next to the ground plane S
– x-axis (graphic from HFSS R©)
three sets of simulations, the set in which the ground plane was varied along
the y-axis provided the most information. The radiation patterns of each
mode were nearly identical when the antenna was oriented with a source
toward the ground plane. For amplitude DoA estimation, it is necessary to
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Figure 3.12: Normalized gain in the φ = 90o direction – x-axis – dipole
mode
Figure 3.13: Normalized gain in the positive x-direction (θ-pol) – loop mode
have pattern diversity from the elements in the array [5]. Therefore, the
element should never be oriented such that a side of the element containing
a source is parallel with a ground plane. In this orientation, there is only
one distinct radiation pattern for the element. For array performance, six
distinct radiation patterns are required. With an element oriented such that
the two modes are no longer different, there will only be five distinct radiation
patterns. This analysis was further extended to the performance of an array
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of elements above a ground plane. Before this analysis is discussed, it is
necessary to develop the array configuration.
3.2 Array Configuration Design
When designing the array configuration for the DoA system composed of
the two-port loop antenna, the presence of some kind of ground plane (e.g.
the earth, the metal roof of a vehicle) was considered. With this design
consideration, it is optimal if the presence of a ground plane affected each
element in the array in the same manner, if at all. An array arranged and
oriented in this manner is described as “ground centric” [18]. Figure 3.14
shows the an array configuration above a ground plane.
Figure 3.14: Array above ground plane (graphic from HFSS R©)
It has now been shown that each element in the array serves as a loop
element and a dipole element. The orientation of these two modes is illus-
trated in Figure 3.15. The two radiation patterns produced by an elements
are orthogonal to each other. Therefore, an orthogonal array of these anten-
nas will produce six orthogonal radiation patterns so as to obtain as much
information about the incoming signal as possible.
One array configuration places an antenna in each of the orthogonal planes
26
Figure 3.15: Loop and dipole combination
in the Cartesian coordinate system, such that the dipoles are at a 45 degree
angle with the x-, y- or z-axis as shown in Figure 3.16. The elements in
this array produce six distinct radiation patterns. Figure 3.17 shows the six
radiation patterns of the array in Figure 3.16.
3.2.1 Inter-Element Coupling
In antenna arrays, energy from one element can couple to other elements due
to reradiation or rescattering of an incoming signal. This coupling depends
on the radiation characteristics of each antenna in the array, the relative
separation between the elements, and the relative orientation of each element
[13]. When elements are placed close to one another, the input impedance of
each element can be affected. A change in the input impedance of an antenna
will change the radiation pattern of the antenna. These coupling effects are
exacerbated when the elements in the array are resonant, as is usually the
case in regular antenna arrays. The elements in the DF array are designed
to be electrically small and therefore do not resonate at the frequency of
interest, 650 MHz. Because of this property, the elements do not re-radiate
the signal of interest well.
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Figure 3.16: Array configuration (graphic from HFSS R©)
3.2.2 Array above a Ground Plane in the xy-Plane
If the ground plane considered for design purposes is designated to be in the
xy-plane, then it would be beneficial to tilt the array such that each element
is in the same relative position above the ground plane. Figure 3.14 shows
the array in Figure 3.16 tilted 45 degrees counterclockwise around the x-axis
and then tilted 45 degrees clockwise around the y-axis. This tilt places each
element at a 45 degree angle with the xy-plane, as shown in Figure 3.18,
while simultaneously preserving the orthogonal orientation of the elements.
The performance of each element in the tilted array is affected by the
ground plane in the same manner. A ground plane analysis was performed
for the tilted array. The ground plane in the simulation was located beneath
the antenna array in the xy-plane and varied along the z-axis from 10 cm
to 100 cm. The radiation patterns of one element in the array are shown in
Figures 3.19. When the ground plane is λ/2 below the array, the patterns are
slightly distorted–the loop mode more so than the dipole mode. However, at
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Figure 3.17: Radiation patterns of elements in the array (graphic from
HFSS R©)
Figure 3.18: Array element at a 45o angle with ground plane
1 λ below the array, the radiation patterns are not affected by the presence
of the ground plane. The six radiation patterns are still distinct from each
other.
As mentioned in Chapter 1, six distinct radiation patterns are required
for full-sphere DoA. This is due to the six components of the electric and
magnetic fields – r, θ, and φ for ~E and ~H. If there are fewer than six distinct
radiation patterns for the array, then components of the electric and magnetic
fields will not be sensed and there will be errors in the DoA.
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Figure 3.19: Radiation patterns for the tilted array λ/2 and 1 λ above the
ground plane (graphic from HFSS R©)
3.3 Summary
This chapter underscores the importance of understanding the behavior of
an antenna in non-ideal environments. In the presence of a ground plane,
the radiation patterns of the different modes changed significantly. When
the antenna is oriented such that a ground plane is parallel to the side of the
antenna with a source, the radiation patterns of the two modes are no longer
orthogonal. The need for pattern diversity is paramount for an amplitude-
only DF array. Furthermore, ground centricity is an important feature of the
array. When each element is affected in the same manner by a ground plane,
the effect is essentially calibrated out.
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CHAPTER 4
DIRECTION OF ARRIVAL
PERFORMANCE AND MEASUREMENTS
This chapter presents the measurements of the antenna and array radiation
patterns as well as the DoA performance of the an azimuthal array. The
algorithm used for DoA estimation was the MUSIC algorithm and was im-
plemented in using National Instruments LabVIEW R©. Design iterations for
the antenna element were developed to better match the measurements to
the simulations. The antenna and array were measured at 650 MHz.
4.1 Direction of Arrival Algorithm
The multiple signal classification (MuSic or MUSIC) algorithm [2] was im-
plemented to determine the DoA of an incoming signal using an azimuthal
array of the two-port loop elements. Estimation using the MUSIC algorithm
relates a vector of the measured signals to the transmitted signals by steering
vectors which form the array manifold (array response matrix). The array
manifold is created by measuring the response of the array prior to perform-
ing DoA estimation. The array manifold is also referred to as the calibration
file or steering vectors of the array. The general form of the signal model
used in the MUSIC algorithm is shown in Equations 4.1 and 4.2.

y1
y2
...
yM
 =
[
~a(φ1) ~a(φ2) . . . ~a(φD)
]

x1
x2
...
xD
+

w1
w2
...
wM
 (4.1)
where
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~A =

a1
a2
...
aM
 (4.2)
The antenna information is represented by the array manifold in Equation
4.2. The MUSIC algorithm estimates the DoA by determining the steering
vector ~a(φi) that maximizes Equation 4.3 [2].
1
|~a(φi)HUˆNUˆHN~a(φi)|
(4.3)
The corresponding angle (φi) is then the estimated DoA of the incoming
signal. In words, the estimated DoA is determined by identifying the steering
vector that corresponds to the measured signal. This simplified version of
the MUSIC algorithm relies on the assumption that the steering vectors were
created using the same polarization of the incoming signal whose direction
is to be determined. It is possible for the algorithm to function with other
polarizations, however, there will be degradation in the performance due to
lowered signal to noise ratio (SNR).
4.2 Element Measurement
The radiation patterns of the element were measured in the Illinois Wireless
Wind Tunnel. Data from the measurements was collected using LabVIEW R©
and a National Instruments PCI 5105 DAQ card. This system was used in
place of a network analyzer for three reasons: the real time angle of arrival
program was implemented in LabVIEW and did not readily interface with the
analyzer; second, the amplifiers on the antenna elements posed a significant
risk to the analyzer because of their DC bias; third, because two ports are
measured simultaneously, there is no way to determine the element response
with respect to the source signal (i.e., S12) with a two-port network analyzer.
The antenna and array were measured by first down-converting the carrier
frequency of 650 MHz to 10.7 MHz using a double-down-conversion super-
heterodyne receiver. Mixing losses from each stage were compensated with
amplification. The signal at 10.7 MHz was fed to the DAQ card as shown
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in Figure 4.1. The time domain signals from each port on the element were
both added together and subtracted from one another before the fast Fourier
transform was performed. By producing the modes in the time domain, the
phase of the signal at each port is incorporated into the measurement. The
source antenna was a λ/8 length dipole with a balun. The balun is necessary
because the dipole is relatively short and because coaxial cable is unbalanced.
The source antenna and balun are shown in Figure 4.2.
The anechoic chamber in which the elements were measured is rated as
anechoic down to 2 GHz. The frequency at which the element and array
of elements was measured is well below this rating, 650 MHz. In order to
reduce any reflections of the source signal from the sides of the chamber, extra
absorbing material was placed in key locations in the chamber to reduce
any major reflections that may occur. The results of the DoA estimation
measurement indicate that there are no significant front-to-back images or
ambiguities, so the chamber can be considered sufficiently anechoic for these
measurements.
4.3 Measurement Results
The production of the two modes from the data at each port was briefly
mentioned in Chapter 1. With the addition of amplifiers to the design, the
way in which the data was collected at the ports caused the mode production
to switch. Originally, a sum of the data at the ports produced the dipole
mode and a difference of the data produced a loop mode. This is because the
sources in the original simulation were in the same direction for equal phase
excitation. However, when the amplifiers are implemented in the design, the
sources point in opposite direction for equal phase excitation. Because of the
axial symmetry of the design, the sources are out of phase by 180 degrees
when compared to the original simulation. Therefore, the dipole mode is now
produced by subtraction of the data at the two ports while the loop mode is
produce by the addition of the data at the two ports.
The ideal radiation patterns for the two-port loop antenna are shown in
Figure 4.3. Because the antenna element is simple, only the Θ = 90 degrees
cut with φ-polarization is shown. This corresponds to a horizontal (φ-pol)
polarization with the antenna lying in the xy-plane.
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Figure 4.1: Receiver chain block diagram
4.3.1 Design One: Reduced Feedback Loop
The original feedback loop design and constructed antenna, shown in Figures
4.4 and 4.5, respectively, caused a 90 degree shift in the nulls of the dipole
mode. This is because the current in the feedback loops of the amplifier
make the feedback loops better receivers than the antenna element itself.
The element also serves as a receiver. In order to show that the element
is important to the design and contributes to the radiation patterns in a
significant way, the element was removed from the simulation, leaving only
the two amplifier footprints and the sources.
The loop mode looks more like a dipole and the dipole mode looks more
like a loop. Furthermore, the gain of the antenna without the element is
much lower than the gain of the antenna with the element. Figure 4.6 shows
the radiation patterns of the antenna with and without the element. Figure
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Figure 4.2: Source antenna and dipole
Figure 4.3: Ideal radiation patterns
4.7 shows the magnitude of the surface current density on the element and
amplifier network. The high currents in the feedback loops verify that they
are the cause of the 90 degree spatial shift because they form a dipole that
is rotated 90 degrees with respect to the intended dipole mode orientation.
In an attempt to correct this shift, the feedback loop was reduced in size by
placing it on the opposite side of the board in a section of the ground plane
that is cut away to accommodate the feedback resistor and traces, as shown
in Figure 4.8. The traces connecting the two sides on the bottom side of
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Figure 4.4: Original feedback loop design (graphic from HFSS R©)
Figure 4.5: Constructed original element
the board in Figure 4.8 are simulated because the DC bias lines connect the
two ground planes. This design iteration only made a small improvement, so
only the radiation pattern of the antenna with the reduced feedback loop is
shown in Figure 4.9.
There is slight variation in the loop and dipole modes but overall, the mea-
surement matches the simulation fairly well. Measurements of the element
using baluns instead of amplifiers reveals the 90 degree spatial shift in the
dipole mode. The loop mode performance is also affected by the amplifiers
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Figure 4.6: Radiation patterns for the antenna with and without the
element - φ-pol source, φ-pol antenna
Figure 4.7: Surface current on the antenna element and amplifier network
and can be seen as a null in the radiation pattern. The radiation patterns
of the element with the original feedback loop compared with the radiation
patterns of an element choked with baluns is shown in Figures 4.10 and 4.11.
The loop mode of the element that implements baluns does not have a null.
An extended effort to reduce the effect of the feedback loops on the dipole
mode involved moving them out of the plane of measurement.
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Figure 4.8: Reduced feeback loop design (graphic from HFSS R©)
Figure 4.9: Radiation patterns for the reduced feeback loop - φ-pol source,
φ-pol antenna
Figure 4.10: Radiation patterns for an element choked with baluns vs.
amplifiers - φ-pol source, φ-pol antenna
4.3.2 Design Three: Relocated Feedback Loops
The planar feedback loops shown in Figure 4.8 were cut away from the ele-
ment, rotated 90 degrees, such that they were no longer in the plane of the
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Figure 4.11: Phase response of an element choked with baluns vs. amps
measurement, as shown in Figure 4.12. The constructed version of this ele-
ment is shown in Figure 4.13. This was done in an attempt to measure only
the element instead of the element and the feedback loops. The radiation
pattern of this element design is shown in Figure 4.14.
Figure 4.12: Relocated feedback loop design (graphic from HFSS R©)
The differences between the measurements and the simulation can be at-
tributed to the construction of the element. The feedback loops were not
exactly at a 90 degree angle with the antenna element. Furthermore, due to
the poor radiation of the element, the patterns have shallower nulls and pat-
terns that are less smooth than the original design. While the element now
39
Figure 4.13: Relocated feedback loop design
Figure 4.14: Radiation patterns for the relocated feedback loop
matches the theory, this design was not implemented due to the difficulty
of construction. Ensuring that both amplifiers are mounted correctly and
operate equally is very difficult with this topology. Furthermore, ensuring
that the both amplifier circuits are at a 90 degree angle with the element is
not a trivial task.
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4.4 Array Measurements
Two different arrays were measured: an azimuthal array of antennas modeled
after the element in Figure 1.6 and the array presented in Chapter 3. The
first array was constructed using two elements as shown in Figure 4.15. One
element served as a loop and a dipole while the other element only served as
a dipole. The radiation patterns and phase response of the array are shown
in Figures 4.16 and 4.17.
Figure 4.15: Assembled azimuthal array
The array has two orthogonal dipole patterns, one with nulls at zero de-
grees and 180 degrees and the other with nulls at 90 degees and 270 degrees,
and one loop pattern. This array measurement was used as the calibration
file (array manifold) for the DoA estimation program. The array performance
is good and there is no sign of coupling between the elements. This is due
to the fact that the elements are not resonant at 650 MHz and therefore do
not significantly couple with one another.
The azimuthal cut of the radiation patterns and phase response for the
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Figure 4.16: Radiation patterns for the azimuthal array
Figure 4.17: Phase response of the azimuthal array
ground centric array presented in Chapter 3 are shown in Figures 4.18 and
4.19. With the available equipment it is only possible to measure two ele-
ments at a time, so the first two elements were measured and then the third
element was measured. The measurement of this array was performed with
all three elements in place in order to evaluate the coupling between the
elements. The plots show that there is little to no coupling occurring.
The radiation patterns are not smooth due to the lowered power caused
by the 45 degree tilt in the elements which results in a 3 dB loss. This loss is
seen in Friis’ transmission equation in Equation 4.4 as the polarization loss
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Figure 4.18: Radiation patterns for the full array
Figure 4.19: Phase response of the full array
factor (PLF). For a 45 degree tilt, the PLF is 1/2. Because the power level is
so low, the measurements are near the noise floor, causing the jagged nature
of the patterns.
PR = (PLF )
PTGTGRc
2
(4piRf)2
(4.4)
4.5 Direction of Arrival Measurements
The array patterns shown in Figure 4.16 were used as the calibration file
in the DoA measurement. Once the calibration file was measured, the DoA
measurement occurred immediately after, without touching or moving the
array. This ensured that the estimated DoA was as accurate as possible.
The ambiguity plots of the array response are shown in Figure 4.20. The
plot shows that there are no significant grating lobes that would degrade
the performance of the DF algorithm. Note: the axis titled ambiguity has
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a upper bound of 1.2. However, the maximum ambiguity is one. The error
in the estimated DoA is shown in Figure 4.21. The maximum error in the
azimuthal array’s DoA performance was 18 degrees. The average error of the
array is about 4.3 degrees. The maximum error only occured in four percent
of the azimuthal plane, so only a small number of angles is effected. This error
can be attributed to the mass of cables that are used for the measurement
as well as the batteries that are used to bias the amplifier. This error would
be greatly reduced in final implementation of the design where cables would
not be used.
Figure 4.20: Ambiguity plots for the azimuthal array
The particularly high maximum error can be attributed to the arrange-
ment of the array. The elements are not on a single substrate, so there is a
possibility of slight misalignment of the elements. Furthermore, the amount
of measurement equipment (cables and connectors) in proximity to the ar-
ray can cause slight scattering of the source signal. This scattering reduces
the accuracy of the array. For a majority of the angles, the DoA algorithm
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Figure 4.21: Error plots for the azimuthal array DoA performance
implemented performs very well.
4.6 Comparisons of Design Iterations
The design iterations of the amplifier’s feedback loops showed increasing
accuracy in the radiation patterns. However, the 90 degree shift in the dipole
radiation pattern with the elements that implement amplifiers (compared to
the theory and the measurements of the element with the baluns) is not
detrimental to the elements overall performance in a DF array. This was
shown in error plots of the DoA performance. As previously mentioned, the
array shown in Chapter 3 could be adjusted to accommodate this shift. This
adjustment, however, is not completely necessary, as the dipole modes are
still orthogonal to one another and to the loop modes.
4.7 Summary
This chapter showed the radiation pattern of various iterations of the ele-
ments and discussed the costs and benefits of adjusting (or not adjusting)
the amplifier feedback loops. The azimuthal array was measured and used to
estimate the DoA of an incoming signal and performed with a maximum of
18 degree error. This large error only occurs at one position and the average
error is 4.3 degrees. The performance of the azimuthal array in this thesis is
comparable to the performance of the azimuthal array in [4].
45
CHAPTER 5
CONCLUSION
The antenna element presented in this thesis has been shown to operate in
accordance with the simulation of the element and supporting theory [11].
The performance of the azimuthal array of these elements is very good. The
selection of a choke for this electrically small element (amplifier or balun)
should be made based on the application. In general, baluns are large com-
pared to the antenna and are difficult to build, however, they do perform
very well. This performance, though, is band-limited. The baluns used in
the measurements of this element are effective chokes over a bandwidth of
about 15 MHz for CMRR values greater than 45 dB, as shown in Figure 5.1.
A CMRR of about 45 dB or higher is desirable. The amplifiers, on the other
hand, have a very good CMRR over a much wider band as shown in Figure
2.5. The CMRR of the amplifier drops to about 45 dB at the frequency at
which the elements were measured.
Figure 5.1: Common mode rejection ratio of sleeve baluns
The consequence of selecting an amplifier as a choke is a 90 degree shift
in the dipole mode radiation pattern, and in some measurements, a slight
null in the radiation pattern of the loop mode. The spatial shift of the dipole
radiation pattern is due to the feedback loops of the amplifier. By moving the
amplifier out of the plane of the measurement, the effect of the feedback loop
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on the dipole mode pattern is almost completely removed. However, when
the element is placed at a 45 degree angle with the ground, the feedback loop
comes back into the plane of the measurement. Because of this behavior, it
was determined that the best course of action is to accept the 90 degree
spatial shift of the dipole mode’s radiation pattern and to adjust the array
orientations accordingly.
5.1 Contributions
This thesis details the development of an electrically small multi-port loop
antenna for DoA estimation. This section is an overview of the contributions
of this thesis.
5.1.1 Multi-Port Loop Antenna for DoA Estimation
The multi-port loop antenna has been implemented in various applications
other than DoA estimation [19, 20], but was not electrically small. This is due
to the fact that it is difficult to set up the proper currents for the modes on the
electrically small element. However, for a receive only application, such as
DoA estimation, the antenna works very well. A two-element array has been
shown to accomplish DoA estimation in the azimuthal plane with a maximum
error of 18 degrees and an average error of 4.3 degrees. The error can be
attributed to, in part, the mass of cables that are used for the measurement
as well as the batteries that are used to bias the amplifier. This error would be
greatly reduced in final implementation of the design where cables would not
be used. An orthogonal three-element array of these antennas would produce
six orthogonal radiation patterns necessary to accomplish DoA estimation in
three dimensions.
5.1.2 Amplifier Choke Implementation
The chokes used for the two-port loop antenna introduce shifts in the radi-
ation patterns of each mode. It is important to understand and identify the
sources of these shifts. As long as the shifts are acknowledged and accounted
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for in the array design, they pose no negative effects on the performance of
the element in a DoA estimation system.
5.2 Future Work
The work presented in this thesis leads to future changes that will improve
the performance of the two-port loop and its application to DF. This section
discusses some of these changes.
5.2.1 Amplifier Placement
The amplifier is not limited to the exterior of the element. Further iterations
of amplifier placement on the array will be considered. The amplifier can be
placed on the inside of the two-port loop so as to move the feedback loops
to be more inline with the element. This amplifier placement could improve
the performance of the dipole and loop modes. Careful consideration should
be made for which side each amplifier is placed – either on the top plane of
the element or on the bottom plane. Furthermore, it may be possible for
the amplifiers to share a ground plane. This may reduced the overall area
of the ground plane on the board and reduce the size of the entire board. A
reduction in size of the board leads to more compact designs.
5.2.2 Element Dimensions
A parametric analysis of the dimensions of the element should be considered.
The two modes may perform better when the distance between the ports is
changed. An optimization of the performance of both modes will lead to
better performance in DoA estimation. This analysis was done to an extent
at the beginning of the project, however, the results initially indicated that
a square loop performed well; therefore, the square design was implemented.
The design is not limited to rectangular shapes. In fact, if the element were
circular, the response of the loop mode would vary less because there would
be no corners on the element.
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5.2.3 Full Sphere Direction Finding
The current available equipment restricts our DoA estimation program to
one plane. By augmenting the program and adding more hardware, full
sphere DoA estimation can be achieved. The array manifold needed for
full sphere performance will be large, and measuring the array performance
of three elements, each with two ports, will require an additional receiver
to down-convert the incoming signal. The array manifold for an azimuthal
array contains a measurement from only one plane. For full sphere DoA es-
timation, the array manifold will need to include multiple planes including
the azimuthal plane and additionally, planes at increments of θ = 5o. In-
crements of this size will ensure accurate, unambiguous measurements of the
directional response of the DoA array. It is possible to have larger increments
of both θ and φ. Slater [4] showed that Nyquist-Shannon sampling theoretics
can be applied to the array manifold to support increments as large as 50
degrees.
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